To analyze studies that evaluated the role of infections as well as indirect measures of exposure to infection in the risk of childhood leukemia, particularly acute lymphoblastic leukemia.
Leukemia makes up about one third of all malignancies in the 0-14 year old age group. The most common subtype, acute lymphoblastic leukemia (ALL), represents about 80.0% of these cases. 57 The incidence rate of ALL was estimated as 35.2 per million children aged under 15 in Brazil, and children under five are the most affected. 60 Potential risk factors for childhood leukemia (CL) are conflicting. Exposure to ionizing radiation, commonly accepted as a cause of leukemia, does not explain all cases of leukemia in children. 5 The etiology of CL has a multifactorial character. Leukemic cells that carry genetic alterations arise mainly before birth. Translocation between chromosomes 12 and 21 causes fusion of the TEL and AML1 gene; producing aberrant proteins that inhibit gene activity and change the capacity for self-renewal and differentiation of hematopoietic stem cells; this change represents the most common structural genetic abnormality in children with leukemia.
45,74 About 1.0% of healthy newborns have this translocation and one
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leukemic clone generated in the uterus, however, they do not develop disease. 45 This fact and the low correlation between identical twin ALL (about 5,0% in infants 2-6 years) suggests that the disease probably begins in uterus, but a postnatal event is required for it to develop; this is known as a "two hit model". 16, 17 Studies have tested whether infections may be involved in the etiology of CL. Three main hypothesis can explain the impact infections have on the disease development.
Smith 76 suggested that infection during pregnancy allows the infectious agent to be transmitted to the fetus and cause genetic instability, which leads to increased risk of developing c-ALL (B-cell precursor of common ALL) up to five years of age. This proposal would explain the peak occurrence of ALL in the 2-5 year old age group.
The hypothesis of "delayed infection", proposed by Greaves 17, 19 suggests that the occurrence of common infections early in life may play a protective role against ALL (especially subtype c-ALL). Whereas limited exposure to infection in this period of life increases the risk of disease by enhancing the possibility of abnormal immune response to infection acquired later.
The observation of temporary CL clusters in relatively isolated communities after increased entry of new individuals into these populations has provided support for the formulation of the "population mixing" hypothesis. Kinlen 27, 28 suggests that the introduction of a specific infectious agent in a non-immune population could cause an abnormal immune response to infection by this pathogen and cause a transient increase in leukemia cases.
This article reviews studies related to Smith and Greaves' hypothesis on the role of infections and indirect measures of infection exposure on the risk of childhood leukemia, especially ALL. 
METHODS
In order to identify eligible studies published before January 3, 2012, a search was made in three scientific publication databases: Medline, a Lilacs b and SciELO.
c Studies with subjects age ≤ 15 years old and specific analysis of cases diagnosed as ALL and/or total leukemia were included in this review. The search considered possible associated factors: maternal or infant exposure to infections or proxy of infections (day care attendance, birth order, breastfeeding, vaccination).
The descriptors used for searching in the Medline database were: infection and childhood leukemia. The preliminary list included 612 publications. We pre-selected articles by reading titles and abstracts and created a second list of 145 potentially eligible studies. The inclusion criteria were met in 47 of those 145 articles. The same descriptors were used to search in the SciELO We looked for studies in the three databases using the descriptors "childhood leukemia", with the addition of words: infection or maternal disease, breastfeeding, day care, vaccination and birth order. We found a further 15 studies that met inclusion criteria and had not previously been screened.
RESULTS
This review included 62 studies: 85.5% were case-control, 9.7% cohort and 4.8% ecological studies.
The studies were conducted in Europe, North America, Asia, Africa, and Oceania and published between 1973 and 2011.
Direct assessment of exposure to infection in the mothers and children

Maternal infection
The association between maternal infection during pregnancy and CL was evaluated in 16 studies, and statistically significant increased risks of leukemia were detected in 11 2, 8, 21, 33, 35, 36, 43, 47, 77, 78, 83 (Table 1) . Associated infections were: influenza, pneumonia, chickenpox, herpes zoster, lower genital tract infection, skin disease, sexually transmitted diseases, Epstein-Barr virus (EBV), and Helicobacter pylori. Laboratory tests were performed for antibodies in maternal serum during pregnancy in three studies. 35, 36, 77 33 showed that the risk of ALL and CL was increased in children whose mothers had influenza/pneumonia and sexually transmitted diseases during the pregnancy. No statistically significant association was found between maternal infection and leukemia in five studies. 12, 13, 24, 44, 59 Childhood infection Table 2 shows twenty-three studies that evaluated the association between childhood infection and leukemia. Among those that analyzed infections in the first two years of life, five reported reduced risk of ALL associated with infection in the skin, 44 ears, 48, 81 or gastrointestinal tract, 25 and episodes of roseola and/or fever and rash.
10
Other two studies detected a higher risk of ALL in children with more frequent episodes of upper respiratory tract infection, 9,64 fungal infection 64 and chickenpox.
9
A further five studies found reduced risk associated with some diseases and increased risk associated with others. 13, 52, 66, 67, 75 The association between common cold, fever, history of infection in the infant and leukemia was not significant in two studies. 47, 82 Exposure to infection at any time prior to diagnosis was examined in six studies. 25, 38, 40, 43, 68, 70 A protective effect against leukemia in children with herpes labialis, 68 chickenpox, 70 and ear infection was detected. 38 Mckinney et al 43 and Jourdan-Da Silva et al, 25 respectively, identified an increased risk of leukemia correlating with total number of illness and rubella episodes. Macarthur et al 40 found a reduced risk of ALL in children with mumps or measles, but the results were not precise.
The occurrence of infection at leukemia diagnosis or in the year before diagnosis was evaluated in seven studies. 10, 29, 41, 56, 68, 70, 71 Among those, four performed laboratory tests to investigate exposure to specific infections. Petridou et al 56 found a lower risk of ALL associated with EBV, human herpes virus 6 (HHV6), and mycoplasma exposure, and increased risk associated with parainfluenza. Other two studies 41, 71 identified increased risk of ALL in children exposed to the herpes simplex virus 1 and 2, hepatitis B virus, and EBV. Schlehofer et al 68 found no significant association between EBV infection, HHV6, parvovirus B19, or the adeno-associated virus and ALL. 15 detected a more pronounced protective effect for children having started daycare in early life (OR 0.5, 95%CI 0.3;1.0 for age ≤ 6 months; OR 0.56, 95%CI 0.37;0.83 for age < 3 months) than in those having started daycare at older ages, but the trend for age of starting daycare was not statistically significant. In Jourdan-Da Silva et al, 25 a statistically significant association was only observed when daycare started before 3 months old (OR 0.6, 95%CI 0.4;0.8) and the trend was also statistically significant (p trend < 0.05).
Indirect assessment of exposure to infections in childhood
Daycare attendance
In other eight studies no statistically significant association or effects were reported. 
Birth order
The relationship between birth order and leukemia was evaluated in 21 studies (Table 4) . Van SteenselMoll 82 detected increased ALL risk in children with lower birth order (first-born). Four studies found a protective effect associated with higher birth order.
14,56,67,81 Of these, Dockerty et al 14 observed ALL risk reduction with increased parity (p trend < 0.001) in a sample of 2,942 cases and the same number of controls in England and Wales.
Infante-Rivard et al
24 detected a reduced ALL risk in children aged four and over who had at least one older sibling in the first year of life (OR 0.46, 95%CI 0.22;0.97), but they observed a higher ALL risk in children under four years old who had at least one older sibling at diagnosis (OR 4.54, 95%CI 2.27;9.07).
Three studies found higher ALL risk related to higher birth order. Table 5 lists the studies that investigated the association between leukemia and breastfeeding.
Assessment of child immune status
Breastfeeding
A protective effect in children with more breastfeeding time was detected in five of those 17 studies.
13,24,53,67,72 Shu et al 72 identified a reducing ALL risk with increased breastfeeding time (p trend 0.003). Children who were breastfed for more than six months had a lower risk of ALL (OR 0.72, 95%CI 0.60;0.87) than those who were never breastfed. Two studies found a higher ALL risk in children breastfed for less than six months.
6,7
Ten studies found no association between breastfeeding and CL. 10, 25, 32, 34, 40, 46, 55, 70, 79, 84 In a large study (1,342 CL cases) conducted in the United Kingdom, no association was seen with breastfeeding duration (p trend 0.90). 34 
Vaccination
Eleven studies explored associations between vaccination and leukemia (data not shown). 3, 8, 13, 20, 39, 40, 42, 43, 49, 55, 70 Five of these identified a reduced risk in children who were vaccinated (any vaccine) 70 observed an increased c-ALL risk in children who had received less than four vaccines compared to those who had received six or more.
On the other hand, Buckley et al 8 found an increased risk of c-ALL (OR 1.7, p < 0.01) in children who received the MMR (measles, mumps and rubella) vaccine. Four studies found no statistically significant association between these variables. 
DISCUSSION
Greaves 17, 19 argues that infections play an important role in the natural history of ALL, and especially c-ALL, considering the two hit model involving two independent genetic mutations. The first event concerns the initial genetic damage which occurs in the uterus during B cell precursor expansion producing a pre-leukemic clone. The second concerns postnatal genetic mutation that can lead to disease development.
According to this review, more than 50.0% of studies investigating maternal exposure to infection observed increasing risk of CL. These results support the hypothesis proposed by Smith. 76 It is possible that exposure to in utero infection is one of the factors involved in genetic damage in the first "hit" referred to by Greaves.
17
Results of childhood exposure to infections support the hypothesis that infection early in life (especially the first year of life) is associated with reduced risk of ALL. Even so, data are conflicting. Some factors may contribute to the apparent inconsistency between studies. at any time prior to diagnosis showed more inconsistent results. Future studies should evaluate the infection occurrence in specific periods such as the first year and one year before diagnosis. In this way, data would help assess whether a lack of immune system modulation in early childhood, associated with a delay in infection occurrence, increases the risk of ALL. In relation to the display window, infections detected near the leukemia diagnosis may be due to an increased susceptibility to infections resulting from the effects of leukemia itself. Some protocols exclude data on infections occurring in the three months before diagnosis date to avoid bias. CC: Case-control study; COH: Cohort study; CL: Childhood leukemia; ALL: Acute lymphoblastic leukemia; AL: Acute leukemia; c-ALL: B-cell precursor common ALL; RR: Relative risk; OR: Odds ratio; 95%CI: 95% confidence interval a Study listed more than once in the table
The instrument used to directly assess exposure to infection is another limitation we found. Most studies used data from mothers via questionnaires for the recall of infection occurrence. This method is subject to misclassification bias, with differential recall between cases and controls. Only three of the studies in this review obtained clinical records to evaluate children's exposure to infection. 9, 64, 75 Although this latter method is not affected by recall bias, it does present other difficulties. The lack of a clinical records system with extensive population coverage and good quality data hinders the use of this instrument. Furthermore, the number of infections can be underestimated because the occurrence of common infections does not always mean that the mother seeks health service help. Simpson et al 75 compared results from clinical diagnoses of infection with those based on maternal self-report. They observed that mothers of cases and controls under-reported the frequency of infections in the first year of life. However, the degree of under-reporting appeared greater for mothers of cases than of controls.
Chang et al
11 used records of medically diagnosed infections and they found higher risk of ALL in children who had had acute respiratory infections and any infections before 1 year of age. The authors suggest that children who develop leukemia may have dysregulated immune function since early childhood strongly reacting to infections. However, they do not refute the "delayed infection hypothesis" supported by several studies using proxy measures and state that their results are not relevant to asymptomatic infections or infections not requiring medical attention.
The difficulty in measuring the occurrence of infectious diseases in childhood leads epidemiologists to use proxy measures of exposure to infection: indirect measures that indicate levels of physical and social contact. These variables are easier to obtain, are less prone to recall bias, and probably include children with asymptomatic infections.
Daycare attendance has been widely used as an indicator of a child's level of social contact and therefore opportunity of contact with infectious agents. Interaction between children, parents, and staff, and the sharing of toys are factors that may contribute to increased transmission of infectious agents. Exposure to respiratory and gastrointestinal tracts infections are known to be more frequent in this type of environment. 23, 51 In general, the studies in our review show evidence supporting a reduced risk of ALL associated with daycare attendance, providing support to the hypothesis proposed by Greaves. In a meta-analysis, Urayama et al 80 found a reduced risk of ALL in two subgroups of children -those who attended day-care before two years of age and those where age at day-care attendance was not specified (any age before diagnosis).
Birth order has also been used as a proxy variable for infection since children with older siblings are more likely to be exposed to infection due to contact with their siblings.
d Most studies showed no evidence of an association between these variables. Parity is probably influenced by selection bias. Couples with higher socioeconomic status (SES) tend to have fewer children so there may be some confounding effect if SES is assessed differently between groups (cases and controls). Moreover, Edgar & Morgan d report that studies generally do not differentiate between the firstborn and the only child. Then, the association of ALL with a history of abortion and reproductive failures may be a confounding factor.
The association between SES and CL has been discussed in the literature. SES does influence the level of exposure and vulnerability of individuals to certain diseases. However, some studies have shown that increased risk of CL seems to be associated with increased SES. 30, 62 In Sao Paulo, Southwestern Brazil, Ribeiro et al 62 found a lower risk of leukemia in children living in areas with lower SES and in areas where a high percentage of families had more than seven members. However, in the review conducted by Poole et al, 58 the association direction seems to vary according to study design, place and time; they also highlighted comparison difficulties between studies because of differences in assessing SES. Measures such as family income and parental education presented an inverse association. Evaluation considering professional class revealed increased CL risk associated with higher SES in both ecological and individual approach studies.
Breast milk protects the child against infections and boosts the immune system contributing to its modulation. 22 It is therefore reasonable to assume that breastfeeding exerts a similar effect to early infection on a child's immunity inducing a protective effect against leukemia.
d Most of the studies in our review did not identify a statistically significant association between ALL and breastfeeding duration. However, in a meta-analysis including 14 studies, Kwan et al 31 identified a protective effect from breastfeeding on ALL.
While not an actual infection, vaccine acts on the immune system as an infection does. d Results from the reviewed studies have provided some evidence of a protective effect from vaccination on the risk of ALL, especially regarding the Hib vaccine. One major difficulty with this variable is that high vaccination coverage makes it difficult to gauge the effect on CL.
d Although no specific etiological agent has been identified, results of the studies reviewed provide evidence that the lack of exposure to infections during early childhood, and consequent failure in modulation of the immune system, may increase the risk of developing leukemia by the occurrence of an abnormal immune response after exposure to a later infection, as reported by Greaves.
17,18
However, the mechanisms involved in this process are still not completely clear.
Schmiegelow et al
69 proposed in 2008 an explanation for the observed association between infections in early childhood and reduced risk of ALL: the adrenal hypothesis. This postulates that children with lower SES, thus subject to getting infections more often, have a lower risk of ALL, because changes in the hypothalamic-pituitary-adrenal axis induced by infection lead to increased cortisol plasma levels similar to those observed during antileukemic therapy, leading to pre-leukemic cell apoptosis. Furthermore, the immune system can adapt to high infectious loads preventing a more reactive inflammatory response induced by Th1 cytokines in that cortisol favors the production of anti-inflammatory Th2 cytokines. Azevedo-Silva et al 4 show differences in ALL incidence rates across Brazilian regions. Salvador and Aracaju, cities in the Northeast, had the lowest rates, while Curitiba, Southeast, and Goiania, Midwest, had the highest. Brazilian regions show very distinct social and economic profiles. These authors suggest that the differences in incidence rates could be due to an early exposure to infectious agents in children living in areas with characteristics favoring the continued exposure to such agents. The lower ALL incidence rates in children from those cities (less developed) would then support the adrenal hypothesis.
Besides the lack of immune system modulation, WIEMELS 86 reports another phenomenon that would leads to an increased risk of CL: children with dysregulated immune function at birth are at higher risk for developing leukemia due to constitutively lower expression of IL-10, a cytokine that is critical in preventing an overactive inflammatory response to pathogenic infections. This factor would explain why in some studies 11 children with ALL had significantly more clinically diagnosed infectious episodes in the first year of life compared to controls.
The purpose of this study was to review epidemiological studies related to two hypotheses which propose a role for infections in CL etiology. Considering the "two hit" model by Greaves, 17 it is possible that the Smith hypothesis may play a role in the first hit and delayed infection in the second. Overall, this review provides evidence supporting the role of infections in the natural history of CL. This justifies further research even though no specific infectious agent has so far been associated with the disease. With regard to assessing exposure to infection or modulation of the immune system using a proxy, results were more consistent using daycare attendance than birth order, breastfeeding, or vaccination. Future studies should consider carefully evaluating exposure to infection at different stages of childhood. Accurate data on exposure period (in early childhood or near diagnosis), especially in relation to daycare attendance and the occurrence of infection episodes, are essential in eliminating potential bias and improving study accuracy. Furthermore, different subtypes of the disease require specific analysis because infectious agents can have distinct roles in the etiology of each subtype. Specific attention to these points, in addition to the contribution from genetic studies, is essential to help clarify the relationship between infections and CL etiology.
